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Cuanbckuil TpaHCHOPTHBIM yHUBepcureT, Cuans, IlIsascu, KHP

C nomowbio mpexmepHou KOHeUHOIIEMEHMHOU MOO€ UCCIe008AHO pAChpedeNeHue KOHMAKMHbIX

Hanpsaicenull 8 KpUGOIUHEUHbIX COUNeHEHUAX BbICOKOHAZPYICEHHOU 2a30801U MypOuHbl 8 YCIO08UAX,

COOMBEMCmMBYIOWUX CIYUAl0 OMPelea T0NAmKU. [l paznvlX NOJI0ICEHUL OTNOPEABUIUXCS IONAMOK Ha

oucke Kaxcool cmynenu pacnpeoeienie KOHMAakmHblX HanpAiCeHUll 8 KPUBOIUHEHbIX COUNEHEHUAX 6

cyuae npUNodiCeHUs YCunull, COoOmeemcmaylouux ompuley 1onamxu, pasnuiaemcs. Ilpu smom mouka

NPUNIOdICenUs U GeUUUHA YCUNUA, d makdice pacnpeoeiexue YCunull 3amadicku 00amos Kpenienus

OKA3bIBAIOM CYWeCMEeHHoe 6GlUAHUe HA pachpedeiienue KOHMAaKmuulx Hanpsaxcenui. Kpome moeo,

Xapaxmep usMeHeHus: KOHMAKMHBIX HANPAJICEHUll KaK ¢ OOHOU, max u c¢ opyeou cmopousl ‘“3yoa’”
COUNIeHeHUs. NPU HATUNUY KPYMAWEe20 MOMEHMA pasiuiaemcs u3-3a YCunus, o00YClo6leHH020 Ompbl-
6om nonamxu. ITomumo HOPMAILHOU YeHMPOOEXHCHOU CUbL BO3HUKAET HEYPASHOBEWEeHHAs U32uba-
towas cuna. Iloxasano, 4mo JHcecmkoCcmy COYIeHAEMOU Yacmuy pomopa mMexicoy mopyamu KomMnpec-
copa u mypounbl, onpeoenaemas JHcecmkoCHbIO e20 cevetus, OKa3bleaem GuuaHue Ha pacnpeoeienue

KOHMAKMHBIX HANPANHCEHUL 6 KPUBOIUHEUHbIX COUleHeHusx. Beinonnen pacuem owcecmxocmu O

Kasc0020 U3 Makux couieHeHull.

Knrouesvie cnosa: KpI/IBOHI/IHGﬁHOC COYJICHCHHUC, TpeXMepHLIfI KOHCYHOJJICMCHT-
HBIHN MCTO/I, OTPLIB JIOITATKHW, KOHTAKTHOC HaAIPSAXKCHUEC.

Introduction. The curvic couplings are the important components of a gas
turbine widely used in the aero-engine and electric power generation industry to
drive rotating equipment and safely transfer high torque without relying on friction
between the contacting surfaces of the curvic couplings. Its advantages such as
reliable location, precise centring ability, excellent structural stability, strong load
bearing ability definitely make the curvic couplings used more and more widely in
the high speed rotating machine for torque transmission.

The stress of the bolt with the curvic coupling in the event of a blade release
in the three-dimentional finite element model was analyzed by Richardson et al. [1]
for an improved design of the curvic coupling. The centre bolted rotor with the
curvic couplings of an aero-engine was studied by Zeyong et al. [2] and Baian et
al. [3]. However the statuses and stresses of the curvic couplings were never
involved by them. Bannister [4] carried some work to determine the equivalent
flexural stiffness of a curvic coupling in order to analyze the rotor character in

© X.-J. JIANG, Y.-Y. ZHANG, S.-X. YUAN, 2012
ISSN 0556-171X. IIpobnemuvl npounocmu, 2012, Ne 5 105



X.-J. Jiang, Y.-Y. Zhang, and S.-X. Yuan

dynamics. Pisani and Rencis [5] compared the results from the finite and boundary
element methods of a single tooth non-contact model in simple two and three
dimensions, then analyzed the nominal hoop stress with the corresponding stress
concentration factor in the curvic coupling. The photoelastic experimental technique
was employed by Richardson et al. [6] for a validation of the three-dimensional
finite element contact method in the curvic coupling. The stress distribution and
contact behavior of the curvic couplings in three-dimensional finite element model
of a heavy duty gas turbine with the spindle bolted rotor were analyzed by Yuan et
al. [7] during the load cases of preload, warm-up, speed-up, and running of the
rotor.

The aim of this paper is to discribe the contact pressure of the curvic
couplings in the event of a blade release in the turbine end of a heavy duty gas
turbine in the three-dimentional finite element model. The curvic coupling should
have the capacity to hold the load given to it under this load case, otherwise if the
curvic coupling fails to work regularly, the whole disc maybe free to depart from
the rotor and then penetrate the turbine. Therefore it is very important for the
curvic coupling design to avoid this case. The contact surface of the curvic
couplings in the three-dimentional finite element model should be defined. The
load cases applied to the finite element model were the initial bolt preload, the
blade-off centrifugal load and then the torque load. The blade-off centrifugal load
means the extreme event of a blade release. The analysis results of the stresses of
the curvic couplings have been carried out to present the influence of the blade-off
centrifugal load and the torque load.

1. Description of Curvic Couplings. There are four disks in gas turbine be
assembled via curvic coupling interface with 12 high strength spindle bolts for
increased clamp load and torque capacity. The tooth number of the curvic coupling
in one side of the disk is 180. The curvic coupling design allows for accurate, light,
compact, and self-contained connection in which the curvic teeth serve as centering
and driving devices. The geometry parameters of the curvic coupling in the heavy
duty gas turbine are critical for the stress analysis of the curvic couplings and had
been given by Yuan et al. [7]. The skeleton of a curvic coupling is very complex,
therefore a lot of parameters needed to be defined to describe the curvic geometry.
The contact of the curvic coupling is hundred-percent owing to the special
manufacture method. The two sides of coupling half are machined by external tool
and internal tool respectively. This conducts to a different geometry on either side
of the coupling.

2. Finite Element Modeling and Calculation Procedures. There are currently
no analytical solutions available, which deal with the blade-off load case in every
stage disc. Further, analytical solutions generally deal with the blade-off load case
only in a fixed blade-off position [1] but not the positions in every stage disc as
expressed in this paper. Therefore to determine the state of contact pressure about
the curvic surface in the disc during the applied load cases, a three-dimensional
finite element model, as illustrated in Fig. 1, should be adopted in the present study
and the stress analysis of the rotor was carried out. A commercial software ANSYS
[8] with three-dimensional, eight-noded brick elements is employed in this study.
The refinement of the mesh on the curvic couplings is crucial to capture the correct
stress magnitudes and its distribution. For this, a convergence study had been

106 ISSN 0556-171X. IIpobnemsr npounocmu, 2012, Ne 5



Analysis of the Contact Stresses in Curvic Couplings ...

developed by Yuan et al. [7] to determine the mesh refinement which was
performed based on the analytical solution. The mating surfaces of the external and
internal curvic halves have matching meshes while the Lagrange multiplier method
is used for the interaction between the surfaces. A large amount of sliding could be
allowed in this analysis, but requires much more complex calculations, particularly
for two three-dimensional deformable bodies in contact. Therefore all contact
analyses in this paper have used the small sliding option. Some geometry has to be
simplified due to its exceedingly complex for the current problems, especially the
fillet radius and the screw thread of the spindle bolts and nuts. However it has been
proved that this simplification is valid and does not influence the analytical results
for the contact pressure of the curvic couplings, so that the behaviour of the
coupling under the every load case can be accurately captured. The material
properties for obtaining the analytical results in the current investigation had been
given elsewhere [7].

FULLY COMNSTRALIED END

\

TUREBIME END

COMPRESS0OR END

COMSTRALIED END IM Z AXIAL DIRECTION

Fig. 1. Global finite element model.

Previous study had shown that a cyclic symmetry finite element model
simulating one 15-tooth segment of the coupling could be used for cyclically
symmetric loading conditions, such as clamp and torque load. However, with the
induction of non-symmetric loading, i.e., the blade-off load with torque, it becomes
necessary to model the full 180-tooth 360° geometry. Because the need for
accurate stress-strain predictions would significantly increase the demand on mesh
refinement at the cost of computational resources, the 180-tooth model is limited to
a coarse mesh in this paper.

The initial bolt preload, the blade-off centrifugal load and the torque load are
consecutively applied to the finite element model. The shortening distance method
between the two nuts is applied to simulate the bolt preload, its value is 5.6 mm as
discussed by [7], which produces a bolt force about 200 kN. The torque load is
applied as shown in Fig. 2. In this article the analysis in the finite element model
with torque load is based on the design value of the power at every stage disc at the
outer surface of the disc. The torque load value could be calculated as follows:

P
T=9550—, (D
n
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where T is the input torque load on each stage disc, P is the input power on each
stage disc, and 7 is the rotating speed of rotor. The input torque load on each stage
disc is listed in Table 1. It should be noted that the power produced by turbine end
should be shared by the compressor end in the proportion of 46% to keep that part
working. Therefore, the input torque load should also be applied on the compressor
end as shown in Table 1.

Table 1
Input Parameters in Turbine End Discs for Calculation
Input data

Stage disc Mass of single blade Total number of blade Input power

(kg) (kW)

1 7.05 96 20.52

2 9.29 87 20.97

3 9.12 112 23.08

4 14.91 100 19.65

Compressor end 38.81

Input data for calculation

Stage disc Centrifugal force Over degree of single Input torque
of single blade (kN) | blade possesses ¢ (deg) load (kN -m)

1 785.99 3.75 34.74

2 1023.94 4.14 35.86

3 985.95 3.21 40.23

4 1589.29 3.60 34.74

Compressor end 123.55
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¢ ONNBCTION
FART EODY

OUTEUT
TORQUE SHAFT

4THSET OF
CURVIC COVELINGS

IRDSET OF
INDSET OF CURVIC COUFLINGE
CURVIC COUELINGS

15T SET OF
CURVIC COURLINGS

Fig. 2. View of a 30° section of the curvic couplings model.

One of the most important uncertainties in modeling of the stress analysis is
the blade-off load case. The blade number is approximately 100 in each stage disc,
it is impossible to consider each blade-off case in every position. Therefore two
typical positions of blade release in each stage disc have been analyzed in this
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paper, as shown in Fig. 3. One of the blade-off positions is at the upward side of
one spindle bolt, another one is located bang in the middle of two spindle bolts
along the circumference of disc. Actually, the blade-off centrifugal load can be
seen as an equivalent bending force applied at the opposite side of the blade-off
position with the magnitude of a blade centrifugal force. Therefore these two
typical positions of blade release in one stage disc can help to survey the behavior
of the contact surface of the curvic couplings with the different stiffness due to the
spindle bolts under the different equivalent bending forces conditions.

EIATE RELEASE FOSITION I

l EIATE RELEASE FOSTTION IU

ABOLT HOLE FOR FASSING
THE SFINDLEEOLT

Fig. 3. View of the position in the disc where the blade releases.

The torque load is applied at the nodes attached to the outer surface in the
circumference direction of the disc in the global cylindrical coordinate. These
nodes could be considered remote enough from the interest region of the curvic
couplings. Therefore the influence in the contact pressure analysis is very small
with this method that thus can be considered valid. It is noted that the input torque
at the turbine end is different due to the different power generated in each stage
disc. However the total of the input torque at the turbine end is consistently equal
to the output torque at the compressor end, just as the feature of power in the gas
turbine.

The blade centrifugal load is applied in the same method as the mentioned
applied torque load above. The rotating speed of this rotor according to the design
parameters is 3000 rpm under the regular work condition of the heavy duty gas
turbine. Therefore the blade centrifugal force can be calculated according to the
rotating speed of the rotor and the mass and centroid of the blade, written as

F = mo?r, 2)

where F means the blade centrifugal force, m is the mass of one blade, w is the
angular velocity of rotor which is corresponding to the rotating speed of the rotor
n,and r is the distance between the center point of disc and the mass center point
of blade. In these analyses, the mass center point of blade is assumed at the outer
surface of the disc for simplification.
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As the blade is health and sound, all of blade centrifugal forces enforced on
each stage disc are applied on the outer surface in the circumference direction of
the disc evenly in the radial direction. However if the rotor is working under the
condition of one blade release, the loading area should be changed. This means that
the blade centrifugal load would be applied on the same surface of the disc except
for the located area over some degree according to the blade-off positioning. The
degree of one blade possesses is derived from the blade number in each stage disc,
which could be written as

360

p=" ®)

which ¢ is the degree of one blade possesses and 7, is the total number of blade
in one stage disc. These data details are shown in Table 1.

To analyze successfully the influence of the different load cases on the curvic
couplings, a parameter should be selected to carry out. Because of the role of the
torque load, the tooth should bear the load more in one side and less in another
side. Therefore the parameter of the mean contact pressure of the curvic contact
surface is thought as most appropriate one for the current problem, the associated
value get by the elements of the tooth contact area. In this approach, the mean
contact pressure is computed on all planes at all points in the contact region. Of
course, the influence of the clamp load and the blade-off load cases on the contact
pressure of all curvic couplings could be depicted well by this parameter. In other
words, this parameter is effective in characterizing the curvic contact behavior
under the mentioned load condition above. The tooth numbering convention in a
clockwise order as well as the left and the right side surfaces of the teeth are shown
as polar plots in Fig. 4. It should be mentioned that only the contact pressure of one
set of curvic half in each curvic couplings set is considered due to its completely
same characters.

RIGHT SIDE SURFACE LEFT STDE SURFACE
IN TOOTH 140 INTOOTH1

ABOLT HOLEFOR FASSING THE SFINDLER OLT
Fig. 4. Close-up view of the bottom half of a disc submodel for curvic numbering.
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3. Numerical Results.

3.1. Mean Contact Pressure Characteristics of the Curvic Couplings under
Normal Load Condition. There are several possible contact pressure characteristics
on the curvic couplings when the normal sequence loads are applied. The first step
involved the application of the clamp load at the turbine end of the heavy duty gas
turbine. After the application of the clamp load, a corresponding contact pressure
develops along the tooth interface due to the compression between the two
contacting bodies. The mean contact pressure of all curvic couplings at each stage
disc due to the clamp load case is shown in Fig. 5. There is not apparent difference
in the contact pressure in each curvic couplings set, which is about 170 MPa. This
mean contact pressure shows a symmetric distribution on the right and the left
sides of one tooth. It reflects the equal deformation on the right and the left sides of
the contact surface of opposite sign, which is shown to maintain equilibrium. There
are twelve small cycle stress distributions in wavy form could be found in overall
distribution. This each small cycle stress distribution could be thought as
corresponding to the function of the spindle bolt. It could be easy to understand
that the mean contact pressure is higher at the tooth closer to the bolt because of
the role of the bolt clamping. However, Fig. 5a shows a different character from
the other pairs in the stresses magnitude, this cause can be sought from the
construction of the connector with the curvic couplings. From Fig. 2, we can see
that the connection body in the Ist set of curvic couplings is longer than those
bodies in other sets of curvic couplings, which results in the feeble stiffness in the
Ist set of curvic couplings in preload case.
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Fig. 5. Mean contact stresses (in Pa) under preload condition: (a) in the 1st set of the curvic
couplings; (b) in the 2nd set of the curvic couplings; (c) in the 3rd set of the curvic couplings; (d) in
the 4th set of the curvic couplings.
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As the blade centrifugal load is applied further, the mean contact pressure will
change in magnitude values. Although a large part of characteristics of mean
contact pressure are similar to those in first step load, it present opposite contact
stress distribution trend in that lower value at the tooth closer to the bolt. The
centrifugal load of the discs and blades make the contact stress distribution more
even along the radial direction, and then the phenomenon of the stress concentration
would be weakened. Simultaneously the stronger equivalent stress seems to be
closer to the tooth root from the finite element analysis results which are unlike
those with the clamp load only. This is the reason why the mean contact pressure at
the tooth closer to the bolt is lower under the further blade centrifugal load
condition than under the clamp load condition only.

The mean contact pressure is different in each set of curvic couplings
surfaces. One reason is that the centrifugal load of the disc and all blades is
different in each stage disc, therefore the stretching function for each set of curvic
couplings is different in radial direction. Another reason is owing to the spindle
bolts construction. The spindle bolts is initially designed with some steps for
decreasing the stress concentration under the centrifugal load condition at its
contact location with the associated disc. The distance between every pair of the
steps is different which leads to the difference stiffness in every segment body of
the bolt. Therefore, the different role of every segment body of the bolt is reflected
on the contact interface of the curvic couplings after the centrifugal load is applied.
However, this little distinctness in contact pressure of each set of curvic couplings
has no influence obviously on the properties of the rotor in mechanics and dynamics.

The power is transformed into the torque force, and then is impressed upon
all stage discs. The curvic couplings have played a very important role in torque
transmission. Therefore the curvic contact pressure is necessary to be analyzed
under the torque load condition with a blade release. The analysis results show that
the first set of curvic couplings which is closest to the compressor end share the
most responsibility for output power, because the stress difference value in this set
of curvic couplings is the largest in all sets of curvic couplings. Note that the left
side surface contact pressure is bigger than the results by previous step load as
compared with the right side surface contact pressure in lower value. It is because
the left side contact surface is compressed by two contact bodies for bearing the
torque load and another side contact surface is relaxed under the same load
condition. It could be concluded that the closer the curvic couplings get to output
power end, the more the couplings bear the output load.

3.2. Mean Contact Pressure Characteristics of the Curvic Couplings under
Blade-Off Load Condition. As mentioned earlier, an investigation of the three-
dimensional finite element model conducted under a blade-off load case should be
analyzed to obtain the contact pressure of the curvic couplings to understand the
influence of the blade-off centrifugal load on the behavior of the curvic couplings.

To demonstrate these different types of the contact pressure of the curvic
couplings during a blade-off load case with different positions, several blade-off
position cases are investigated. These load conditions are summarized in following.
The blade-off centrifugal load is applied on the outer surface in the circumference
direction of the discs except for the located area over some degree according to the
blade-off position I at the upward side of one spindle bolt in first stage disc in first

112 ISSN 0556-171X. IIpobnemsr npounocmu, 2012, Ne 5



Analysis of the Contact Stresses in Curvic Couplings ...

load case (I). Magnitude of blade-off centrifugal force, used in this analysis, is
obtained by the design data of the blade in the first stage disc. The second case (II)
is similar to case I, but the position of blade release is changed to the bang in the
middle of two spindle bolts along the circumference of the disc shown as Fig. 3, so
that the influence of the stiffness due to the spindle bolts under the equivalent
bending force condition in this case is present. To demonstrate further the effect of
blade-off position I at second stage disc relative to that at the first stage disc, a
third case (III) is considered. It is similar to case I except that the stage of the disc
is switched to the second one. The fourth case (IV) still is limited to the second
stage disc, which is similar to that in case III, but the blade-off load is applied to
the position II. The fifth case (V) and sixth case (VI) consider the effect of
applying blade-off centrifugal load at position I and II respectively in the third
stage disc. The seventh case (VII) and eighth case (VIII) use the same load as those
in case V and VI in locating position, but they are applied in the forth stage disc.
To highlight their curvic couplings characteristics, these cases are discussed in detail.

Case I: The mean contact pressure distribution of all sets of curvic couplings
under the blade-off centrifugal load condition is shown in Fig. 6 for this case. The
mean contact pressure distribution in whole with tooth number order is shown a
concave profile. It can be realized that the contact surface of the curvic couplings
has been getting slack in the opposite side of the blade-off location, and in contrary
tight in the identical side of that location. In other words, the function of the clamp
load of the bolts is weakened in that opposite side location, and in comparison
strengthened in the same side due to the equivalent bending force in that the role of
the unsymmetrical blade-off centrifugal load. Therefore, the mean contact pressure
of the curvic couplings is shown decreasing in that opposite side location and
increasing in that same side. Hence, the unsymmetrical mean contact pressure
distribution has been developed in whole in each set of curvic couplings.

A slight shift and asymmetry in the mean contact pressure distribution in two
sides of contact surface of all teeth in one set of the curvic couplings can be seen
(Fig. 6b—d) which are anti-symmetric each other in the left and right sides of the
contact surfaces of the teeth due to the applied blade-off centrifugal load. On this
phenomenon, the major factor is owing to the feeble stiffness in the connection part
of the rotor between the compressor end and the turbine end, as shown in Fig. 2.
Therefore, there is only a very slight influence can be observed on the deformation
of the first set of the curvic couplings in roundness at the side close to that
connection part, as shown in Fig. 6a. However, the sets of the curvic couplings at
another side aback to that part come into being a relative big deformation in
roundness due to the holding strong stiffness of the shaft. The mentioned factor
above eventually contributes to the anti-symmetric stress distribution on the mean
contact pressure of the curvic couplings close to the shaft side.

Case II: The influence on the stiffness of the rotor with the spindle bolts due
to the equivalent bending force should be accounted in this analysis, and had been
ignored in the previous study [1] where the blade-off load is modeled in a fixed
position. From the analysis results, it is noted that the mean contact pressure
distribution in whole with tooth number order shown a concave profile, and the
anti-symmetric stress distribution each other in the left and right sides of the
contact surfaces of the teeth due to the applied blade-off centrifugal load. It should
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be mentioned that the start point to count the tooth is changed to the No. 15 tooth
in case I, which can be considered corresponding to the position of the blade
release in radial direction. All these characteristics are similar to those in case .
The major difference between cases Il and I is the magnitude of contact stress
difference value which observed apparently increases as compared with the
analysis results of case I. Therefore the conclusion can be drawn that the stiffness
of the rotor decreases in this case compared to last case, which is not difficult to be
understood that this phenomenon should be related to the construction of the
spindle bolts rotor.
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Fig. 6. Mean contact stresses (in Pa) of the curvic couplings under a blade-off load condition at the
first stage disc: (a) in the 1st set of the curvic couplings; (b) in the 2nd set of the curvic couplings; (c)
in the 3rd set of the curvic couplings; (d) in the 4th set of the curvic couplings.

Case III: To show that the mean contact pressure of the curvic couplings
depends on the position of blade release to that of stage disc, this case is
considered. Loading conditions are the same as those in case | except that the
position of applied blade-off load is located at position I of the second stage disc.
According to analysis results, the mean contact pressure distributions along the
second set of curvic couplings have similar characteristics to those in case I, except
for the magnitude of stress difference value. The reason why the magnitude of
contact stress difference value is different has been given above. However, the
format of the stress anti-symmetric distribution in the second set of curvic
couplings has disappeared in case III instead of the format similar to the distribution
in the first set of the curvic couplings. Hence it can be concluded that the feeble
stiffness in the connection part plays a critical role in this stress distribution change.
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Case IV: In this case, the blade-off centrifugal load is applied in the second
stage disc at position II. From the analysis results, the stress distributions have
similar characteristics corresponding to those in case III, except for the small
increment in the magnitude of stress difference value, hence these are not shown.
Therefore, the explanation that the stiffness of the rotor decreases in case 1II is still
effective in this case.

Case V: The purpose of this case is to show that the blade-off centrifugal load
applied in the third stage disc at position I causes how the mean contact pressure
distribution of this corresponding set of curvic couplings changes. As expected, the
contact pressure distributions are similar to those of case III correspondingly, and
the distribution in the third set of the curvic couplings is symmetric in the left and
right sides of the contact surfaces of the teeth in distinction to that in case III. The
change in contact pressure distribution is also due to the feeble stiffness in the
connection part of the rotor which is similar to the contact stress distribution in the
second and third sets of curvic couplings.

Case VI: The concave profile and anti-symmetric stress distribution occur
under the blade-off centrifugal load in third stage disc at position II condition in
this case. Similar phenomenon has been seen in case V except for the little increase
in the magnitude of contact stress difference value that had been explained earlier.

Case VII: Under the blade-off centrifugal load applied in the fourth stage disc
at position I condition, the stress distribution present symmetric character
uniformly. Though the magnitude of contact stress difference value is different
compared to the earlier study due to the different blade-off centrifugal load and the
changing stiffness in rotor, the influence of the feeble stiffness in the connection
part of the rotor on the distribution of the curvic contact pressure is obviously
observed from the analysis results, just the same as the mentioned study above.

Case VIII: This case is no shown due to its similar analysis results with case
VII except for the magnitude of stress difference value. The cause in this
phenomenon had been interpreted in case II, case IV, and case VII. Therefore there
is no explanation more in this case.

In summary, these cases, [-VIII, are analyzed to develop an understanding of
contact behavior of the sets of curvic couplings under a blade-off load condition.
Above results show that the mean contact pressure distributions characteristics of
the sets of curvic couplings under a blade-off load condition depend on the position
and magnitude of the applied blade-off load, the distribution of the spindle bolts,
and the stiffness of the bodies connected to the turbine discs (i.e., the connection
part of the rotor between the compressor end and the turbine end). This is markedly
in contrast to the stress distribution mode under normal blade centrifugal load
condition, which is symmetric along the teeth in numbering.

3.3. Mean Contact Pressure Characteristics of the Curvic Couplings under
Final Torque Load Condition. Continuing the blade-off load, it is interested that
how the stress distribution change after the torque load is applied. According to the
earlier analysis under the normal load condition, the torque load make the
magnitude of contact pressure difference value on the left and right sides of the
teeth change, it means the left side surface contact pressure increasing and the right
side surface contact pressure decreasing for bearing the torque force. In this
analysis, a torque load has been applied following the blade-off load in case I in
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the three-dimensional finite element model. From the results shown in Fig. 7, it can
be concluded that the application of the torque load has a significant effect on the
stress distribution of the curvic couplings. It keeps similar characters with the
stress distribution not only in normal load for increasing the stress value on the left
side and decreasing the one on the right side of one tooth, but also in the torque
load following the blade-off load for the anti-symmetric character.
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Fig. 7. Mean contact stresses (in Pa) of the curvic couplings under a torque load condition following
the blade-off load case at the first stage disc: (a) in the 1st set of the curvic couplings; (b) in the 2nd
set of the curvic couplings; (c) in the 3rd set of the curvic couplings; (d) in the 4th set of the curvic
couplings.

The results of all the analysis in the torque load following the blade-off load
in all cases illustrate that the same evolution character in that stress distribution
with the torque load following the case I, therefore these are not shown. It can be
predicted that these stress distributions due to its disharmony may cause some
problems of the rotor in mechanics or dynamics.

3.4. Effect of the Stiffness of the Connection Part in Blade-Off Load. In
previous work [1], it had been shown that the geometrical change had important
effect in the stress distribution of the component in the rotor (i.e., the bolts). From
the analysis previously in this paper, the stiffness in the connection part of the rotor
between the compressor end and the turbine end associated with its section
thickness is crucial in deciding the contact stress distribution on the sets of the
curvic couplings close to that part. Any variation in its thickness would obviously
have an effect on the stress distribution caused by the blade-off load on one stage
disc. A finite element analysis has been carried out to investigate the possible effect
of changing the section thickness of this particular variation.
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Fig. 8. Mean contact stresses (in Pa) of the curvic couplings under a blade-off load condition at the
first stage disc as the thickness of the connection part section is increased: (a) in the 1st set of the
curvic couplings; (b) in the 2nd set of the curvic couplings; (c) in the 3rd set of the curvic couplings;
(d) in the 4th set of the curvic couplings.

One of main design objectives in the gas turbine industry is to reduce the
weight on the premise of guaranteeing the strength of this rotor. Though increment
in the thickness of the connection part section is favorable to increase the stiffness
and stability of the running rotor, it fails to agree with the prime principle in
designing the gas turbine. Therefore, analysis is presented that has the section
thickness increasing only one time comparing with the original thickness under the
blade-off load at position I condition. From Fig. 8 compared with Fig. 6, the twelve
small-cycle contact stress oscillation of the curvic couplings is suppressed obviously
due to the increasing thickness in this connection part section. It can be concluded
that the increasing thickness in this connection part section has a significant
influence on the stress distribution of the curvic couplings and then on the behavior
within the curvic rotor. It seems that the tactic to increase the thickness in this
connection part section is very benefit for improving the stability of the gas turbine
rotor, but Fig. 8 still shows a large increasing value in whole stress distribution as
compared with the results in case . In the opposite situation, the case of decreasing
the thickness of the connection part section to half of the original thickness is also
analyzed with the same load condition as the mentioned above. From the analysis
results, it could be found that there appears to be no notable effect on the contact
stress distributions in the curvic couplings.

Conclusions. A full 180-tooth, 360° geometry three-dimensional finite element

model of the curvic rotor has been established for examining the effect of a
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blade-off centrifugal load and then a torque load on the mean contact pressure
distribution of the sets of curvic couplings. Though there is no available technology
in finite element has the ability to get a complete analysis in this model for
considering the every blade release position in all stage discs, the selected typical
blade-off position method likewise sufficiently analyzes the effect on a blade-off
load case. Based on the present study, the following observations are made.

1. A torque load following the normal centrifugal load has been considered to
obtain the mean contact pressure distribution of the sets of curvic couplings for
providing a criterion to judge whether the contact pressure distribution of those
curvic couplings under a blade-off centrifugal load event can be thought of the
unreasonable results.

2. The mean contact pressure distributions characteristics of the sets of curvic
couplings under a blade-off load condition not only depend on the position and
magnitude of the applied blade-off load but also on the distribution of the spindle
bolts as well as the stiffness of the connection part body. The blade-off load causes
a equivalent bending force in the opposite direction of the blade release position.
Because of the equivalent bending force, the asymmetric and anti-symmetric
contact pressure distributions are formed on the contact surfaces of the curvic
couplings. The magnitude of contact stress difference value varies with the change
of the blade-off position which shows smaller in position I than in position II and
increment with the stage disc number increasing.

3. The torque load plays a critical role in bearing the power transmission,
therefore the harmonious stress distribution is very important for the rotor to run
stably and safely. However, from the analysis results in this paper, the uncoordinated
contact pressure distribution has been found in the curvic couplings due to the
torque load following a blade-off load which produces a unbalanced equivalent
bending force. Thus the design in the gas turbine should ensure the curvic
couplings have the capacity to hold the unbalanced load to avoid the happening of
an unpredictable incidence.

4. The stiffness of the connection part of the rotor between the compressor end
and the turbine end is a very important feature in consideration of the stress
distribution of the curvic couplings under a blade-off load condition. An assessment
of the effect of the thickness deciding the stiffness of that connection body part on
the stress distribution of the curvic couplings is carried out. These analyses
illustrate that the inclusion of a consideration in that thickness make a significant
difference to the results at the curvic coupling stress. Hence, this feature mentioned
above is worth being taken into account in the course of designing the gas turbine.
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Pe3ome

3a TOTOMOT0I0 TPUBHUMIPHOI CKIHUEHHOCIIEMEHTHOI MOJIET JTOCITIKEHO PO3ITOIiT
KOHTAKTHOI HAaNpyrd B KPUBOJIHIMHUX 3’€JHAHHIX BHCOKOHABAHTAXECHOI ra30BOi
TypOiHM B yMOBax, IO BIANOBINAIOTH BUNAJKY BiIpUBY Jonatkd. Jims pizHHX
[IOJIOXKCHB JIONATOK, IO BiAipBaJMCs, HA IUCKY KOXKHOIO CTYIEHS KOHTAaKTHa
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Hanpyra y KpHBOJIHIHHMX 3’€QHAHHAX y BHIIAAKY NPUKIAICHHS 3YCHJb, LIO0 Bif-
MOBIJJAIOTh BIiJPHUBY JIONATKH, PO3MOJIIAETHCS MoO-pisHOMY. [Ipym mpoMy TOUKa
MIPUKJIAJICHHS 1 BEIMYMHA 3YCHIUIS, a TAKOX PO3IOMIN 3yCHIIb 3aTATHEHHS OOMNTIB
KpIiIUICHHA CYTTE€BO BIUIMBAIOTH HA PO3MOAIT KOHTAKTHUX Hampyr. OKpim TOro,
XapaxkTep 3MIHM KOHTaKTHHMX Hampyr SK 3 OJHIi€l, Tak 1 3 1HIIOI CTOpOHH ‘3y6a”
3’€HaHHS TIPU KPYTHOMY MOMEHTI Pi3HHM depe3 3yCHIUIs, sIKe 3yMOBIIEHE BiJpH-
BoM JonaTkd. Jlo HoOpMmanbHOI BiALEHTPOBOI CHIM JOAAETHCS HEBPIBHOBaXKEHA
3ruHasibHa cuia. llokasaHo, 1m0 KOPCTKICTh 3’€IHAHHS YacCTHHH POTOpa MiXK
TOPIIMU KOMIIpecopa i TypOiHH, 10 BHU3HAYAETHCS >KOPCTKICTIO HOTO Tepepisy,
Ma€ BIUIMB Ha PO3MOJiJI KOHTAKTHUX HANpyr y KPUBOMIHIHHUX 3’€mHaHHAX. [Ipo-
BEICHO PO3PaxXyHOK YKOPCTKOCTI Ul KOXKHOTO 3 TaKHUX 3’€IHaHb.
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